. Tables 3 and 4 summarise details of individual 113 experiments, including tree stocking, trial design, composition of oversowing mixtures, weeds 114 present on site, and herbicides used. Spot weed control treatments were applied using a Solo Target 115 Master (Solo NZ Ltd, Hamilton, New Zealand) fitted with a solid cone nozzle (e.g., FL8, Spraying 116 Systems Co., Wheaton, IL, USA). Complete weed control treatments were applied using a 10 L 117 Solo backpack sprayer fitted with standard fan nozzles. Although P. radiata is highly tolerant 118 (Davenhill et al. 1997 ) of the herbicides used to maintain complete weed control (Table 4) , trees 119 were shielded from potential spray drift using a plastic shield from a cut 60 L drum.
120
While designs of individual trials differed all included common treatments (Table 5 ). All 121 experiments included a weed-free treatment to estimate potential tree growth in the absence of 122 weeds and a no weed control treatment to estimate the maximum effect of weeds on growth.
123 However, all sites except Tok, which was an ex-pasture site, had been treated with a pre-plant 124 broadcast herbicide application which likely slowed the development of weed competition.
125 Intermediate treatments consisted of combinations of weed-free spots with variable spot diameter 126 and the duration over which these spots were kept free of weeds. At one location, Kaingaroa Forest, 127 two trials were installed, Kain1 and Kain2 respectively. Kain1 and other trials were designed to 128 last for up to 7 years but Kain2 had much larger plots with fewer treatments and the option for 129 continuing measurements longer-term if needed. Individual plots were separated by a minimum of 130 two tree rows.
D r a f t 7 138 because the high level of multi-leadering, thought to be caused by browsing (Gous et al. 2003) .
139 Where stem diameters were measured at breast height, stem volumes were estimated using the 140 individual stem volume function described by Kimberley 164 the no weed control treatment. To apply the age-shift method, separate non-parametric mean stem 165 volume regression growth curves were fitted for each plot. Smoothing spline functions (e.g. Wahba 166 1990; Green and Silverman 1994) fitted using the SAS TPSPLINE procedure (SAS 1987) were 167 used for this purpose. Because stem volume increased sharply over time, these smoothing splines 168 were fitted to log-transformed volumes. From these spline curves, estimates of the time taken for 169 mean tree volume to reach a series of specified levels were obtained for each plot, with these 170 specified volume levels chosen to correspond approximately to the mean volumes in each trial at 171 each of the annual measurements.
172
The mean time difference between trees receiving no weed control and those receiving total 173 weed control was calculated for each trial at each specified volume, i.e., ΔT ij =TNWC ij -TWCij, 174 where TNWC ij is mean time in the i th trial for trees with no weed control to achieve the j th specified 175 volume, and TWC ij is the mean time for trees with total weed control to achieve the same volume.
176 This was plotted against mean age of the untreated trees to determine whether the response to weed 177 control was of Type 1, 2 or 3. It was also plotted against mean tree height of the untreated trees to 178 determine whether height growth provided a useful index of competition against these herbaceous 179 competitors. The following exponential model was fitted to predict ΔT ij as a function of tree height 180 of untreated trees, H ij , using the SAS NLIN procedure, with separate asymptote parameters fitted 181 for each trial and a common shape parameter across all trials:
An analysis of the different weed control treatments used in the trials (Table 5 ) was carried 190 out using a mixed model fitted using the SAS MIXED procedure. This analysis was performed 191 using the time taken for each plot to achieve a specified mean stem volume. 
212
The age shifts between any treatments were used to predict the likely economic benefits of 213 the treatments using the method described by Kimberley et al. (2004) . This method is based on the D r a f t 10 215 same harvest volume. In this study, a range of age shifts corresponding to the weed control 216 treatments used in the trials and based on the analyses described in the previous section were used.
217
The following steps were used to calculate the effect of applying a weed control treatment on the 218 net present value of a stand.
219
Firstly, the increase in the present value of the stand, ignoring costs, discounted to the time 220 of treatment was calculated using:
223 where, r is the discount rate (assumed to be 7% in this study), the untreated stand has T years 224 remaining to harvest, the treatment reduces the rotation by ΔT years while producing the same 225 yield, and the future value at harvest of the untreated stand is FV ($ ha -1 ). For treatments applied 226 at establishment as in this study, T is the rotation length of the stand, which was assumed to be 27 227 years. The future value of a stand at harvest depends on a multitude of factors including site 228 productivity, log prices, cost of harvesting, and distance to processing plant or port. We used values 
241 where annual costs are C ($ ha -1 ) including, e.g., the cost of land which could be represented as an 242 annual rental cost, along with routine annual management costs. Current annual costs for managing 243 P. radiata stands are typically in the range $140 ha -1 to $180 ha -1 and we used a value of $160 ha -1 244 in this study.
245
246 Equation 7 can be simplified to:
The net present value of the treatment at time of planting ($ ha -1 ) was then calculated from 252 the results of Equations 6 and 8 using:
where TC is the cost of the treatment ($ ha -1 ) ( Table 6 ). After discussion with forest managers, 257 application cost of spot weed control was assumed to be $125 ha -1 with the cost of herbicide being 258 $0.016 m -2 sprayed area. A stand density of 850 stems ha -1 was assumed which implies a chemical (Table 7) . Time shifts for spot diameters of 1, 1.5 and 2 m maintained for 273 both 1 and 2 years duration were calculated from the weed-free time shifts using the percentage 274 adjustments given in Table 9 . 288 years across the 6 trials, and ranged from 0.4 to 1.6 years ( Table 7 ). The exponential model 289 indicated that 90% of the gain in growth from weed control occurred before trees reached 1.5 m 290 in height, and 96% before they reached 2 m in height. Table 8 . These results show 296 that the time to achieve 2 m height varied significantly between trials, but was also strongly 297 affected by weed control treatment. Specifically, there was a highly significant difference between 298 trees receiving and not receiving weed control, but also a significant difference between trees 299 receiving total weed control and those receiving spot weed control. Among trees receiving spot 300 control, there was a significant spot diameter effect (1 m, 1.5 m, 2 m), and a significant spot 301 duration effect (1 year vs 2 year). Mean time shifts estimated from this model (Table 9) 385 Thus gains in growth were able to be quantified at an early age and interpreted as a reduction in 386 the rotation length required to achieve a given stand volume. This interpretation makes it relatively 387 straightforward to determine the economic profitability of the weed control treatment by 388 comparing its cost with the increase in present value of the stand due to a reduced rotation length. Table 2 . Site characteristics of six trials designed to define the optimal area and location of spot weed control. D r a f t RCBD *Pre-plant spray were generally aerial application of glyphosate at rates of between 3.6 and 5.4 kg ai/ha. †GF is a rating for growth and form of radiata pine seedlots. The higher the GF rating, the better the growth and form. ‡RCBD -randomised complete block design. See oversown species (Table S1 ) Mix of clopyralid, haloxyfop, and terbuthylazine
Trial code Elevation

D r a f t
Kain2
Radiata pine cutover (second rotation site)
See oversown species (Table S1 ) Mix of clopyralid, haloxyfop, and terbuthylazine Mang Radiata pine cutover Rubus fruticosus and a mixture of herbaceous broadleaves and grasses
Mix of clopyralid, haloxyfop, and terbuthylazine *All herbicide spot treatments were applied from a knapsack fitted with a Solo Targetmaster fitted with a solid cone nozzle (FL8) and complete weed control was maintained using a Solo backpack sprayer. †Spot herbicide applications were made in the spring following planting and subsequent applications in the summer and spring as required to maintain the treatment, all using standard forestry rates (Davenhill 1997). ‡Trial abandoned after year 3 following severe defoliation by Helicoverpa armigera. D r a f t Table 5 . Treatments applied at each of six trials designed to define the optimal area and duration of spot weed control. Note. Treatments specified in terms of spot diameter (e.g. 1.0 m) and time that the spot is maintained weed-free (e.g. 1 year). Note. In treatments of 2 years' duration which require 2 sprays, the cost of the second spray is discounted by 1 year using a discount rate of 7%.
Treatment
D r a f t Mean time shift expressed as a proportion of the weed-free time shift (±standard error calculated using the delta method). Treatments followed by the same letter in the last column do not differ significantly (least significant difference test, P = 0.05). Calculations use a discount rate of 7% and assume a rotation length of 27 years, annual fixed costs of $160 ha -1 yr -1 , and the treatment costs given in Table 6 . 
Spot
WFTS
